We investigate the importance of proton capture on low-lying excited states that are thermally excited in hot stellar enviroments. In addition to the previously known case of 32 Cl(p, γ) 33 Ar we find several other sd-shell nuclei with large stellar enhancement factors. We discuss the uncertainty this introduces into rp-process nucleosynthesis.
I. INTRODUCTION
The rapid proton capture (rp-process) is a sequence of rapid proton capture reactions and β + decays passing through proton-rich nuclei. It is a dominant nucleosynthesis process in explosive hydrogen burning conditions [1] . Reaction rates govern energy release and final isotopic abundances. rp-process rates are crucial for X-ray burst models [2] . Some of the capture rates along rpprocess are not determined experimentally. But many rely on theoretical input. Previous predictions of reaction rates have generally assumed that all interacting nuclei are in the ground state [1, [3] [4] [5] [6] . Schatz et al. [2, 7] showed that the capture on the low-lying first-excited state of 32 Cl was crucial for the 32 Cl(p,γ) 33 Ar reaction rate. The energies and spin in 33 Ar were provided by experiment, but input for the proton and gamma decay widths come from theory. The impact of the excited states in the target nuclei that are thermally populated in astrophysical plasma is expressed in terms of a "stellar enhancement factor" (SEF). The SEF for 32 Cl was found to be around five for temperatures in the range 0.1 to 0.8 GK. In this paper we investigate other sd-shell nuclei where low-lying excited states may lead to large SEF.
II. REACTION RATES
In case of high level densities and high Q values (Q≥5 MeV), reaction rates can be calculated by statistical models [5] . For nuclei close to proton drip line Q values of (p,γ) reactions drop strongly, the compound nuclei are produced at low densities [4] . Proton capture reaction rates for low level densities in the compound nucleus are determined by contributions of direct capture and single resonances correlated with unbound states in the compound nucleus.
A. Direct capture
Nonresonant cross section is expressed in terms of the astrophysical S-factor, which contains the nuclear component of the transition probability to the ground states and low excited states of final nuclei. S-factors are calculated using RADCAP code [8] , which uses a WoodsSaxon nuclear potential (central + spin orbit) and a Coulomb potential of a uniform charge distribution. The nuclear potential parameters are chosen to reproduce the bound state energies.
Direct proton capture rate on the target nucleus in state i is given by
where b, which arises from the barrier penetrability, is given by
Here µ is reduced mass in entrance channel in amu, k is the Boltzmann constant, Z is a charge number of target nucleus, and E is proton energy. S i is the sum of the individual S-factors of the transitions from the initial state i into all bound states in the final nucleus. For a given stellar temperature T , nuclear reactions take place in relatively narrow energy window around the effective burning energy E 0 . The S-factor is nearly a constant over Gamov Window E 0 ± ∆/2, where E 0 = 1.22 Z 
Hence, the capture rate N A < σv > dc i is usually approximated by a constant S-factor.
B. Resonant capture
Resonance decay widths depend on the Coulomb barrier, the orbital momentum barrier and partial widths of the compound state. The resonant reaction rate for capture on a nucleus in an initial state i, N A < σv > res i for isolated narrow resonances is calculated as a sum over all relevant compound nucleus states j above the proton threshold [9] :
Here T 9 is the temperature in GK, E ij = E j − Q − E i is the resonance energy in the center of mass system, the resonance strengths in M eV for proton capture are
Γ total j is a total width of the resonance level and J i and J j are target and projectile spins. Proton decay width depends exponentially on the resonance energy and can be calculated from proton spectroscopic factor C 2 S ij and the single particle proton width Γ sp ij as Γ p ij = C 2 S ij Γ sp ij . The single particle proton widths were cal-
and where the channel radius R c was chosen to match the width obtained from an exact evaluation of the proton scattering cross section from a Woods-Saxon potential well for A = 32, Q = 0.1 − 0.5 MeV. This simple model matches exact calculations in the sd-shell t within about 10%, and has advantage that it is fast and can be easily extrapolated to energies below 0.1 MeV where the scattering calculation becomes computationally difficult. We use a Coulomb penetration code from Barker [11] .
The proton spectroscopic factors and the gamma widths are obtained with the USD interaction [12] in the full sd-shell model space. The gamma decay widths were obtained with B(M1) values based on free-nucleon g-factors and B(E2) values with harmonic oscillator radial wave functions and effective charges of e p = 1.35 and e n = 0.35 [12] . The uncertainty of the spectroscopic factors and gamma decay widths is on the order of 20%. As we will emphasize the largest uncertainty for the present work is the precise location of the resonances near the proton decay thresholds.
C. Total reaction rate
The total reaction rate is the sum of the capture rate on all thermally excited states in the target nucleus weighted with their individual population factors:
Here E i and E n are the resonance energies.
III. RESULTS
A.
32 Cl(p,γ) 33 Ar
We start with the application to the previously studies case of 32 Cl(p,γ) 33 Ar. As an odd-odd nucleus, T = 1, 32 Cl has a low lying excited state at 89.9keV. Based on it's mirror nucleus 32 P the spin of the state is 2 + . The ground state spin is 1 + . Proton separation energy of 33 Ar is 3.343 MeV. As shown in Fig. 1 , the proton capture rate is dominant by resonant capture on the first excited state, as it was shown in Schatz et al. [2] . Gamow window for T = 0.1T 9 is at 127.5-216.5 keV, and for T = 2T 9 is at 727.5-1807.4 keV. Tab. I shows astrophysical S-factor range for these temperatures.
Properties of the resonance states in 33 Ar are listed in Tab. II and properties of the bound states are listed in Tab. I. Single particle proton widths for second 5/2 state for proton capture on a ground state and for first 7/2 state for proton capture on a first excited state were taken from Schatz et al. [2] . Calculations were done using experimental resonance energies [7] , gamma widths were obtained using shell model energies. π , k), where f is the level number obtained with the USD Hamiltonian ad k is the level number for a given J π value. The effect of the energy shift on the gamma decay width is small (20% or less) and is not taken into account. The dashed line in the middle panel of Fig. 2 shows the reaction rate when only the 32 Cl ground state is considered. The full line in the middle panel shows the total tate with both the ground state and first excited state of 32 Cl are cosidered. The ratio of the total rate to the ground state rate is the stellar-enhancement factor (SEF) shown in the top panel in Fig. 2 . The bottom panel in Fig. 2 shows the contribution from each final state in 33 Ar with the number f for the largest of each labeled along the top. It is noted that state number f = 7 is most important over the temperature range 0.1 to 0.8 GK. The large SEF is due to the l = 0 spectroscopic factor. We will find in general that large SEF are associated with l = 0 spectroscopic factors. Are other states important? The next state in 32 Cl is a 0 + state at 0.466 MeV. The reaction rate contribution for this state is negligible compared to the lower states, in the temperature range we consider the largest SEF is 0.90 at 10 GK. For an energy of 0.461 MeV the factor of
is small. And in addition there are no final states that enter with very large spectroscopic factor to this excited state. Thus we only need to consider initial nuclei with excited states below about 300 keV. Ar final state, n is the node number, l0 the single particle orbital momentum, and j0 the total single particle angular momentum. Ex is excitation energy. Cl(p, γ) reaction. Listed are spin and parity J π , excitation energy Ex, center of mass resonance energy Er, proton single particle widths Γsp for angular momenta l, spectroscopic factors C 2 S, proton-decay width Γp, γ-decay width Γγ and the resonance strength ωγ. The upper part is for ground state capture, J π = 3/2 + , the lower part for capture on the first excited state in 31 Cl, Si final state, n is the node number, l0 the single particle orbital momentum, and j0 the total single particle angular momentum. Ex is excitation energy. Al(p, γ) reaction. Listed are spin and parity J π , excitation energy Ex, center of mass resonance energy Er, proton single particle widths Γsp for angular momenta l, spectroscopic factors C 2 S, proton-decay width Γp, γ-decay width Γγ and the resonance strength ωγ. The upper part is for ground state capture, J π = 5/2 + , the lower part for capture on the first excited state in 23 Al, Fig. 5 and Fig. 6 + state with T = 3/2, therefore for all other states Shell model energies are used.
As seen from Fig. 7 and Fig. 8 connected to the 2 + excited state with a relatively strong l = 0 spectroscopic factor. There are no known excited states in 29 S, but in the mirror nucleus 29 Al, the fourth 5/2 + state at 3.641 MeV is in reasonable agreement with the theoretical energy. The analogue energy of this state in 29 S should be within 100 keV of 3.64 MeV, but this is enough to give an order of magnitude change in the rp-process reaction rate around 0.8 GK.
Reaction rate at relevant temperature range T = 0.1 − 2 GK agrees well with statistical model [3] , however for higher stellar temperatures up to 10 GK direct capture starts to dominate reaction rate and total reaction rate exceeds statistical model prediction.
IV. CONCLUSION
Although very few sd shell nuclei have low-lying excited states, contributing significantly to total rates, proton capture on a first excited state cannot be neglected. In addition to the previously studied case of 32 Cl(p, γ) 33 Ar, we find at least two other cases 28 P(p, γ) 29 S and 34 Cl(p, γ) 35 Ar for which the low-lying excited state in initial nucleus dominates the cross section. Unfortunately, the excited states are not known for these cases. Initial states above about 300 keV are not important unless there is a particularly strong spectroscopic factor that connects to low-lying final states in the daughter.
Direct capture rates depend on astrophysical S-factor, which changes slightly with temperature at temperatures relevant to rp-process for X-ray bursts, T = 0.1 − 2 GK, and may have resonances for higher temperatures. 34 Cl, J π = 3 + (denoted with an asterix). J π are spin and parity of the 35 Ar final state, n is the node number, l0 the single particle orbital momentum, and j0 the total single particle angular momentum. Ex is excitation energy. important for quality of such reaction rate predictions and so for isotopic abundances and energy release. An important task for the near future is to quantify the errors associated with these and other cases where the energies and spectroscopic factors are not known experimentally and must be taken from theory. Recent efforts have been me to establish improved Hamiltonians for the sd-shell. Calculation of the corss section with several realistic Hamiltonians will help to establish theoretical error bands for important cross sections. 
Therefore knowing at what energies resonances exist is
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